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Bij het ontwerpen van nieuw te bouwen marineschepen wordt steeds vaker overwogen gebruik te
maken van niet-conventionele voortstuwingssystemen. Systemen op basis van een elektrische
voortstuwing staan momenteel sterk in de belangstelling. Ook het gebruik van niet-conventionele
scheepsvormen kunnen speciale eisen stellen aan het voortstuwingssysteem. Een recent voorbeeld
hiervan is het Amfibisch Transport Schip (ATS), waar een keuze werd gemaakt tussen een diesel-
directe voortstuwing en een diesel-elektrische. Door de speciale vorm van het ATS zou in beide
gevallen gebruik gemaakt moeten worden van een zeer lange schroefas: 74 m voor de diesel-directe
voortstuwing en 43 m voor de diesel-elektrische voortstuwing.

Met als doel te onderzoeken of bij gebruik van dergelijke lange schroefassen de gevoeligheid voor
torsietrillingen zodanig wordt dat ontoelaatbare torsietrillingsproblemen zullen optreden, zijn een
tweetal case studies uitgevoerd naar het torsietrillingsgedrag van beide hiervoor genoemde
voortstuwingssystemen. Dit rapport beschrijft de analyse van het elektrische systeem. De analyse
van het diesel-directe voortstuwingssysteem is beschreven in TNO rapport 95-CMC-R0615.

Inmiddels is voor het ATS gekozen voor een diesel-elektrische voortstuwing. Deze keuze is niet
bepaald door het torsietrillingsgedrag.

De hoofdconclusie van deze studie is dat in het elektrische voortstuwingssysteem geen problemen
door torsietrillingen zijn te verwachten. Wel dient aandacht te worden geschonken aan het gedrag
van het systeem bij lage toerentallen van de elektromotor. Bij toerentallen van de elektromotor
beneden 70 omw./min is er een zeker gevaar is voor het optreden van gear hammer in de
tandwielkast. Dit betekent dat de tandwielkast zodanig moet worden ontworpen dat deze hiertegen
bestand is of dat moet worden voorkomen dat de elektromotor langdurig draait op toerentallen
beneden de 70 omw./min.

Uit een vergelijking van het elektrische voortstuwingssysteem met het diesel-directe systeem blijkt
dat de torsietrillingen in het elektrische systeem significant lager zijn dan die in het diesel-directe
voortstuwingssysteem.

|
!
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1 Introduction

In today’s designs for naval vessels the use of unconventional propulsion systems is often
considered. Propulsion systems based on electric motors and/or combinations with diesel engines or
gas turbines may be very attractive from a technical point of view. Also the shape of the ship may
be unconventional. A recent example in the Royal Netherlands Navy is the design of the
Amphibious Transport Ship (ATS), where a choice will be made between a diesel-direct propulsion
system and a diesel-electric system. Owing to the special shape of the ATS in both cases a unusual
long propeller shaft will be used: 74 m for the diesel-direct system and 43 m for the diesel-electric
system.

In order to investigate whether the use of such long propeller shafts may cause unacceptable
sensibility to torsional vibrations, both previous mentioned systems have been analyzed. This report
describes the analysis and results for the electric system. The analysis of the diesel-direct system
has been described in [R.1].

The torsional vibration analyses have been performed by using the computer program TORPACK
[R.2]. The results have been verified according to Lloyd’s Register of Shipping [R.5].

Chapter 2 describes the model of the propulsion system.
Chapters 3 to 6 and the accompanying tables and figures show the results of the analyses.
Conclusions are drawn in chapter 7.

Note: in this report all vibratory frequencies will be presented in two units: cycles per second (Hz)
and cycles per minute (c/min). The notation in ¢/min was added for easy comparison of the
vibratory frequencies with the rotor speed of the electric motor, which will be presented in
revolutions per minute (r/min) only.
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2 Model of the electric propulsion system

In this chapter a description is given of the numerical model as used in the torsional vibration
analyses. Standard input values such as rotational inertias and stiffnesses are presented in section
2.1. Input values for the electric motor are presented in section 2.2 and for the propeller in section
2.3.

Data has been used which was available at the start of the project, which was early 1994.

2.1 Overall model of one propulsion system

The diesel-electric propulsion system of the Amphibious Transport Vessel as a whole consists of:
- four diesel-generator units;

- two electric propulsion systems, one starboard and one port.

As the diesel-generator units will have no effect on the long propeller shaft, these have not been
taken into account in this study. So, this analysis incorporates the proper propulsion part of the
diesel-electric propulsion system only.

The electric-propulsion systems on starboard and on port are equal, except for the direction of
rotation. Therefore it is sufficient to model only one propulsion system.

Figure 2.1 shows the model of the electric propulsion system. The dimensions in this drawing do
not correspond with actual values as it is only a schematic representation of the model. Figure 2.2
shows the model of the long propeller shaft more in detail. In these figures masses are referred to
as M; and springs as K,.

The model contains relevant rotational mass moments of inertia and torsional stiffnesses from:

- the electric motor;

- the flexible coupling;

- the gear transmission;

- the long propeller shaft;

- the propeller.

The long propeller shaft has been modelled with 12 masses (and 11 springs in between). This
ensures a sufficient fine segmentation of the shaft to describe the vibratory behaviour accurately.

Table 2.1 shows the rotational mass moments of inertia for each mass in the model and table 2.II
shows the torsional stiffnesses of the springs.

The data in these tables has been gathered from the documents listed in chapter 8. In this report
these documents are referred to by means of indices D.x between square brackets.

The rotational mass moments of inertia J,,; of the masses on the long propeller shaft have been
obtained from:

JM' = Jshi + Jcompi (1)

1

where J; is the contribution to the inertia of the shaft itself and J,,,,,; the contribution of
components such as liners.
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The terms J;; follow from:
Ju=(n/32).p. Ly . (d7-d?) 9)

In this equation [, is the length of the structural part represented by mass M,, p is the density of
steel, d, is the shaft outer diameter and 4, is the shaft inner diameter. The terms J,,,,, are evenly
distributed inertias of the components.

For the propeller the added mass of the water has been included. This will be described in section
2.3.

The torsional stiffnesses K of the springs of the long propeller shaft follow from:
K=G.L/li=n.G.(d}-d?)/(32. 1) 3)

In this equation G is the shear modulus, /, is the polar area moment of inertia and [ is the length
of the considered spring.

Note: for the massive shafts (springs 1, 3 and 5) equations (2) and (3) have been used with 4, = 0.

The last column of table 2.II contains values for equivalent massive diameters. These values are
used to determine shear stresses in the response analyses. As the computer program cannot handle
hollow shafts, equivalent massive diameters d,, are used for the long propeller shaft. The equivalent
massive diameter follows from equating the section factor of a hollow shaft and the section factor
of the equivalent massive shaft:

deq = { ( du4 - did) /du }”3 (4)

It should be noted that in the computer program the input of the torsional stiffnesses are separated
from the input of the shaft diameters. The stiffnesses of the hollow shafts have been calculated
previously by using the actual diameters of the hollow shafts, thus d, and d..

According to [D.6] the long propeller shaft is made of steel with a minimum tensile strength of
580 N/mm”.

The model contains one gear transmission, i, in figure 2.1. The speed ratio of this transmission is
49524 [D.4, D.5].

Spring number 2 represents the flexible coupling which is a Spiroflex coupling [D.3], type KJ 330.

The internal damping of the shafts has been modelled by means of complex damping in the springs.
Complex damping is defined as a damping proportional to displacement but in phase with the
velocity of a harmonically oscillating system [R.3]. For all springs in the system (except for spring
2 representing the flexible coupling) a complex damping 8 = 0.004 has been used. This is a low
value (thus conservative) as commonly used when modelling the shafts in torsional vibration
analyses.

Note: this complex damping & = 0.004 is equivalent to a relative damping & = 8 / 2 = 0.002 (ratio
relative to critical damping) in a resonating one-mass-spring-damper system.
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The system contains a flexible coupling (spring 2) made by Spiroflex, according to [D3]. The
relative damping W of this flexible coupling is expressed as the ratio of the dissipated energy per
cycle over the peak value of the internal elastic energy in the flexible coupling. According to the
manufacturer’s specifications [D.3] this relative damping y = 1.5. This is equivalent to a relative
damping § = y / (4xm) = 0.119 (ratio relative to critical damping) in a resonating one-mass-spring-
damper system.

2.2 Model of the electric motor

Each propeller is driven by an electric motor. The main motor characteristics are:

Type : asynchronous induction motor
Nominal power : 7500 kW

Nominal rotor speed : 906 r/min

Supply frequency at

nominal rotor speed : 60.4 Hz (4 times rotor speed)

The static damping coefficient b,, of the electric motor has been determined using the gradient of
the torque versus rotor speed characteristic. This has been described in appendix A. It is assumed
that the ratio of voltage over frequency arranged by the controller is constant. Then it follows that
b,, does not depend on the rotor speed. Using the derivation of appendix A it was found that the
motor can be modelled by a viscous damper with a damping value b, = 1.66x10* N.m.s/rad.
Because of uncertainties of the previous assumption this value for b,, could be different in a real
system. Therefore it was decided to perform sensitivity analyses. In these analyses the influences of
variations in b,, on the obtained results are investigated. These are described in chapter 6.

Note

During the preparation of this report, it appeared that a calculation error had been made in appendix
A: the value of the viscous damper should be b,, = 1.66%10° N.m.s/rad (corrected now in appendix
A) instead of the value of 1.66%10* N.m.s/rad as found earlier and used as a basis for the
calculations in this report.

In order to judge the effect of this error of a factor 10 in damping, a part of the sensitivity analyses
as described in chapter 6 have been extended with this higher damping value. As expected, the
higher motor damping will lead to lower vibratory torques and stresses. Thus, the calculations
presented in this report are ’at the safe side’.

Information on the harmonics of the electric motor are specified in [D.2]. Amplitudes of the
excitation torques are given for supply frequencies ranging from 1 to 64 Hz. As the motor has 4
poles, this corresponds to rotor speeds ranging from 15 to 960 r/min. In [D.2] excitation torques
amplitudes are specified as a percentage of the ‘nominal torque’. However, the meaning of
’nominal torque’ was not clear from the manufacturer’s information: either it means ’actual mean
torque at a certain rotor speed’ or it means *mean torque at the nominal rotor speed’, which is 906
r/min. In consultation with the Royal Netherlands Navy it was decided to use the most severe
interpretation, i.e. torque reference = mean torque at 906 r/min.
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2.3 Model of the propeller

Following data were available for the propellers of the ATS with the electric propulsion system
[D.8]:

Propeller type : § blades, fixed pitch
Number of propellers 12

Diameter 4 m

Mean propeller pitch ratio P/D,,, 1 1.16

Blade area ratio :0.72

Torque versus speed
A quadratic relationship has been assumed for the mean propeller torque versus propeller speed. As
power is equal to torque times speed, this means a third power relationship for propeller power
versus propeller speed. The propeller torque has been based on the following data:
Nominal propeller power : equal to the electric motor = 7500 kW
Nominal propeller speed : ( nominal rotor speed / gear transmission )
=906 / 4.9524 = 182.9 r/min

Note: the propeller power is taken equal to the power of the electric motor. Thus, no energy losses
in the gearing system and in the long propeller shaft have been taken into account. This means that
in a real system the mean propeller torque will be about 5 % lower.

Added mass and damping

Added mass and damping coefficients for the propeller have been obtained by interpolation from
the tables given in [R.7]. These coefficients describe the hydrodynamic reaction forces that act on
the propeller which is vibrating at the blade frequency. The values tabulated in [R.7] follow from
analyses of the Wageningen B4 screw types with zero rake. These analyses were based on the
unsteady lifting surface theory. The required input for interpolation from the tables are the propeller
diameter, the blade area ratio and the pitch ratio.

Using these values it follows from the tables in [R.7] that the added mass of the propeller is 2283
kg.m’. Together with the mass moment of inertia of the propeller itself the total inertia of the
propeller becomes 2283 + 5310 = 7593 kg.m*.

The dimensional damping coefficient b, of the damping torque acting on the propeller depends on
the rotational frequency of the propeller €,. Using the tables in [R.7] it follows that:

b, = 3647 Q, [N.m.s/rad]
where Qp is in rad/s.

Blade order excitations

Due to the presence of a wake, the propeller operates in a circumferentially varying flow field. This
results in non-constant hydrodynamic torques [R.6]. The resulting torque is supposed to be the
summation of a constant part (the mean propeller torque) and two harmonic parts of 1st and 2nd
blade order frequency. The 1st blade order frequency is the number of blades times the rotational
frequency of the shaft. The 2nd blade order frequency is twice the 1st blade order frequency.

The amplitude of the 1st blade order excitation torque is assumed to be 3 % of the mean propeller
torque. This value is taken equal to the value used in [R.8] as dimensions of both propellers are
almost equal. The amplitude of the 2nd blade order excitation torque is assumed to be 1.5 % of the
mean propeller torque.
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3  Natural frequencies and mode shapes

Table 3.1 shows the natural frequencies of the system calculated by the computer program
TORPACK [R.2]. The corresponding mode shapes are shown in figures 3.1 to 3.15.

From these figures it can be seen that the gradient of the modal rotation is relatively large at the
flexible coupling (spring 2). This was to be expected as the stiffness of this component is relatively
low.

With respect to the discrete dampers and excitation torques acting on both the rotor (mass 1) and
the propeller (mass 17) it can be seen that the rotations of the these masses are relatively small for
modes 2 up to 15. This is an important feature as the energy going with these excitation torques
and damping torques is directly proportional to the modal rotations of these masses.
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4  Critical rotor speeds

If one of the harmonics of an excitation torque coincides with one of the natural frequencies of the
system the amplitude of vibration may become large. The rotor speeds at which such resonance
may occur are called the critical rotor speeds c,. If the excitation torque acts on a mass with the
same rotational speed as the rotor then ¢, follows from [R.4]:

c, = f" /n )
in which f; is the natural frequency of mode i and n is the order of the excitation torque.

If the system contains one or more gear transmissions between the rotor and the mass with the
excitation torque then the critical rotor speed c, follows from:

c,=f *i/n (6)

in which i is the speed ratio between the rotor and the considered mass and n is the order of the

excitation torque acting on that particular mass.

Table 4.1 to 4.III show the critical rotor speeds for relevant harmonics of the propeller and the
electric motor. It is noted that these results do not contain any information on the amplitude of
vibration. They just represent those rotor speeds for which a resonance increase of the system might
occur. Therefore, in response analyses special attention must be paid to these speeds.
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5  Forced vibration response

5.1 Results for the shafts

Table 5.1 shows results for the maxima of vibratory torques and stresses in the shafts together with
the rotor speeds (inadvertently in the figures called engine speed) for which these maxima occur.
The allowable vibratory stresses according to Lloyd’s Register of Shipping [R.5] and the vibratory
stresses as percentages of the allowable stresses are shown in the last two columns of this table. It
 is noticed that specified values for the allowable stresses are for continuous running at the nominal
rotor speed (906 r/min). For rotor speeds different from the nominal motor speed, higher stresses
are allowed, similar to the dashed line shown in fig. 5.2.

For the determination of the allowable stresses in the long propeller shaft, the following has been

taken into account:

- springs 1 and 3 to 9 are classified as ’intermediate shafts’, thus according to section 2.6 of
Lloyd’s Register of Shipping [R.5];

- for springs 6 to 9 a factor of 0.75 has been applied, because of ’loose couplings’ according to
section 2.6.1 of Lloyd’s Register of Shipping [R.5];

- springs 10 to 16 are classified as ’screwshafts’, thus according to section 2.5 of Lloyd’s
Register of Shipping [R.5];

- for all shafts a material factor k,= 1.321 according to section 2.8.1 of Lloyd’s Register of
Shipping [R.5] has been applied to account for the minimum tensile strength of 580 N/mm>
of the shaft’s steel.

From table 5.1 it follows that the highest loaded spring is the shaft of the electric motor (spring 1)
for which the vibratory stress reaches 28 % of the allowable stress. This maximum occurs at a rotor
speed of is 795 r/min. Figure 5.1 shows the calculated vibratory stress in the shaft of the electric
motor as a function of the rotor speed. Figure 5.2 shows this same stress (at a different scale),
together with the allowable stress. Also shown in figure 5.1 is the second most critical part of the
system (spring 6), which is part of the long propeller shaft.

It can be seen from table 5.1 and figures 5.1 and 5.2 that for the entire range of relevant rotor
speeds all vibratory stresses are far less than the allowable values.

Table 5.1I shows the contribution of each harmonic to the response of the shaft of the electric
motor (spring 1) at a rotor speed of 795 r/min. From these results it can be seen that the resonant
rise at this rotor speed is caused by the harmonic of the 6th order of the electric motor. The
excitation frequency of this harmonic coincides with the natural frequency of mode 5 (see table 4.1,
sixth column, sixth row). At this mode shape only the flange connection between the electric motor
and the flexible coupling shows a large amplitude, see figure 3.5.

Table 5.II shows the contribution of each excitation torque to the response of the highest loaded
part of the long propeller shaft (spring 6) for a rotor speed of 30 r/min. This is the critical rotor
speed for this spring as can be seen from figure 5.1. Again the resonance rise is caused by the 6th
order harmonic of the electric motor. In this case the harmonic coincides with the natural frequency
of mode 1 (see table 4.1, second column, sixth row).
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5.2 Results for the flexible coupling

Table 5.1V shows calculated maxima for the vibratory torque and the dissipated power in the
flexible coupling (spring 2). Allowable values as supplied by the manufacturer [D.3] are shown in
the third column. Similar to the shafts, the vibratory torques are small and far less than the
allowable values as specified by the coupling manufacturer.

5.3 Results for the gear transmission

Figure 5.3 shows the vibratory torque in the gear transmission together with the mean torque (static
transmission torque). Fig. 5.4 shows the same results in a different way: the vibratory torque is
shown as a percentage of the mean torque.

Lloyd’s Register of Shipping [R.5] recommends that the vibratory torque in a gear transmission
should not, in general, exceed one-third of the full transmission torque at critical rotor speeds near
the maximum rotor speed. From figures 5.3 and 5.4 it can be seen that this requirement has been
fulfilled.

For rotor speeds different from speeds near the maximum rotor speed there are no requirements or
recommendations regarding gear transmissions in Lloyd’s Register of Shipping [R.5]. In practice it
is recommended that for these rotor speeds (i.c. rotor speeds different from speeds near the
maximum rotor speed), the vibratory torque should not exceed 70 % of the mean torque. From
figures 5.3 and 5.4 it can be seen that for rotor speeds above 70 r/min this requirement has been
fulfilled. For lower rotor speeds this is not the case.

This means a certain danger for so-called gear hammer at rotor speeds below 70 c/min. Therefore,
provisions must be taken that the gear box has been designed for this situation or that no
continuous running will occur for rotor speeds below 70 r/min.

The investigated large ratio of vibratory torque over mean torque in the gear transmission for rotor
speeds below 70 c/min is due to the relatively large amplitudes of the harmonics of the electric
motor at lower rotor speeds according to [D.2]. It should be noted that this is based on the
interpretation of 'nominal torque’ as described at the end of section 2.2.




TNO report Electric system Date Page
95-CMC-R0614 December 31, 1995 13

6  Sensitivity analysis

In section 2.2 it has been noted that some uncertainty exists concerning the derived damping
coefficient of the electric motor. Therefore it was considered of importance to investigate the
sensitivity of the calculated response with respect to the applied damping coefficient b,, of the
electric motor.

In addition to the calculations presented in the previous chapters, two calculations have been
performed in which b,, was reduced to zero respectively increased by a factor two. The results of
these analyses are presented in this chapter.

6.1 Results for the shafts

Table 6.1 shows the maxima of vibratory stresses for the observed values of the damping coefficient
b,,. Figure 6.1 shows the vibratory stress in the shaft of the electric motor (spring 1) and figure 6.2
shows the same results together with the allowable stress according to Lloyd’s Register of Shipping
[R.5].

From these results it follows that the vibratory stresses increase if damping of the electric motor is
fully omitted, as to be expected. However, the obtained stresses remain small when compared to the
allowable stresses. For this situation without damping, the shaft of the electric motor (spring 1) is
again the most critical one, with a vibratory stress of 16.3 N/mm?, which is 60 % percent of the
allowable stress (table 5.1) of 27.2 N/mm?.

If b, is increased from b,, = 1.66x10* N.m.s/rad up to b,, = 3.32%10* N.m.s/rad (thus a factor two), |
then the vibratory stresses reduce, as expected.

Note

As already described in section 2.2, during the preparation of the report it appeared that the
calculations in this report have been based on a damping value b, = 1.66*10* N.m.s/rad, whereas
this value should be 10 times larger, thus b, = 1.66*10° N.m.s/rad.

In order to judge the effect of this error of a factor 10 in damping, the sensitivity analyses have
been extended with a new calculation, using this higher damping value. The results for the stresses
in the shafts are shown in table 6.1, utmost right column. As expected, the higher damping will lead
to lower vibratory torques and stresses. Thus, the calculations in this report are ’at the safe side’.
Note: the results for this higher damping value will lead to lower curves in figures 6.1 up to 6.3.
For practical reasons, these figures have not been extended with the curves for this higher damping
value.

6.2 Results for the flexible coupling

Table 6.1I shows calculated maxima for the vibratory torque and the dissipated power in the
flexible coupling (spring 2) in case damping of the electric motor is fully omitted (b, = 0
N.m.s/rad). Allowable values as supplied by the manufacturer [D.3] are shown in the third column.
For the flexible coupling it is also found that the vibratory torque increases if damping of the
electric motor is fully omitted. The obtained values for the vibratory torque and the dissipated
power however are still small and far less than the specified allowable values.
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6.3 Results for the gear transmission

Figure 6.3 shows the vibratory torque in the gear transmission as a percentage of the mean torque
for the applied values of the damping coefficient b,,. From this figure it can be seen that the torque
ratio is almost unaffected by b,, except for rotor speeds around 200 r/min. For those rotor speeds
the torque ratio increases from 10 % up to 20 % if the damping of the electric motor is fully
omitted. The value of 20 %, however, is still sufficiently small (see section 5.3).
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7  Conclusions
7.1  From torsional vibration analyses on the electric propulsion system of the Amphibious

7.2

13

74

7.5

7.6

Transport Ship (ATS) it appears that vibratory stresses in this system are low. For the entire
range of relevant rotor speeds the vibratory stresses remain far below the allowable stresses
specified by Lloyd’s Register of Shipping [R.5].

An uncertainty exists about the meaning of 'mean torque’ as specified by the manufacturer of
the electric motor [D.2]. In these analyses the most severe interpretation has been used.

In the flexible coupling values for the maximum torque, the vibratory torques and the
dissipated power remain far below allowable values specified by the coupling manufacturer
[D.3].

For rotor speeds below 70 r/min there is a certain danger for so-called gear hammer.
Therefore, provisions must be taken that the gear box has been designed for this situation or
that no continuous running will occur for rotor speeds below 70 r/min.

A noticeable phenomenon resulting from the great length of the propeller shaft is that, except
for the lowest modes, relatively large vibratory rotations occur locally in the propeller shaft
whereas rotational vibrations of the rotor and the propeller are small. As the discrete dampers
in the system act on these two masses only, local vibrations in the long propeller shaft are
almost solely controlled by internal damping of the shaft. However, stresses resulting from
these relatively large vibrations, are low.

From a comparison of the electric system with the diesel-direct system [R.1] it is concluded
that torsional vibrations in the electric system are significantly lower than those in the diesel-
direct system: 1/3 to 1/5 for the vibratory stresses in the long propeller shaft, 1/10 for the
vibratory torques in the flexible coupling and 1/20 for the vibratory torques in the gear
transmission.

Note: this conclusion has been drawn up in chapter 7 of the report on the diesel-direct system
[R.1].
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Description Mass number | Inertia [kg.m?]
Rotor 1 540.00
Outer part flexible coupling 2 142.40
Inner part flex. coupling + input shaft 3 63.30
gear transmission

Input pinion gear transmission 4 8.65
Output wheel gear transmission 5 1388.00
Output shaft gear transm. + M, shaft 6 86.12
M, shaft 7 19.94
M, shaft 8 19.94
M, shaft 9 50.68
M; shaft 10 89.84
M shaft 11 65.52
M, shaft 12 65.52
M; shaft 13 65.52
M, shaft 14 65.62
M,, shaft 15 65.52
M,, shaft 16 67.21
Propeller + added mass + M,, shaft 17 7618.95

Table 2.I Rotational mass moments of inertia used in the analyses
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Spring | Connected Stiffness Diameter Equivalent
number masses [N.m/rad] [mm] diameter
[mm]
1 1-2 27.60%10° 250 -
2 2-3 0.512%10° - -
3 3-4 54.68*10° 265 -
5 5-6 295.60*10° 320 -
6 6-7 20.43x10° 315/125 Y 3124
7 7-8 20.43%10° | 315/125 " 3124
8 8-9 20.43%10° 315/125 P 3124
9 9-10 35.88x10° 350/125 348.0
10 10 - 11 37.35%10° 380/150 - 376.8
11 11-12 37.35%10° 380/150 P 376.8
12 12-13 37.35%10° 380/150 V 376.8
13 13- 14 37.35%10° 380/150 376.8
14 14 -15 37.35%10° 380/150 V 376.8
15 15-16 37.35%10° 380/150 376.8
16 16 - 17 119.80%10° 410/150 © 407.6
" Hollow shaft

Table 2.II Input of torsional springs
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Mode | Frequency | Frequency | Mode | Frequency | Frequency

[Hz] [c/min] [Hz] [c/min]
1 33 198 9 196.1 11767
2 11.6 694 10 205.3 12317
3 33.1 1984 11 2129 12772
4 74.0 4441 12 231.7 13903
5 79.2 4754 13 2573 15435
6 116.3 6976 14 279.6 16774
7 145.1 8706 15 320.8 19247
8 171.6 10298

Table 3.1 Natural frequencies
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Mode ---------- > 1 2 3 4 5
Nat. freq. [Hz] 33 11.6 33.1 74.0 79.2
Nat. freq. [c/min] 198 694 1984 4441 4754
Prop. 1st blade 196 687 1965 4399 4709
Prop. 2nd blade 98 344 983 2199 2354
Rotor order 6 33 116 331 740 792
Rotor order 12 17 58 165 370 396
Rotor order 18 11 39 110 247 264
Rotor order 24 8 29 83 185 198
Rotor order 30 7 23 66 148 158
Rotor order 36 6 19 55 123 132
Rotor order 42 5 17 47 106 113
Rotor order 48 4 14 41 93 99
Rotor order 54 4 13 37 82 88
Rotor order 60 3 12 33 74 79
Rotor order 66 3 11 30 67 72
Rotor order 72 3 10 28 62 66
Rotor order 78 3 9 25 57 61
Rotor order 84 2 8 24 53 57
Rotor order 90 2 8 22 49 53
Rotor order 96 2 7 21 46 50

Table 4.1 Critical rotor speeds in r/min for modes 1 to 5
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Mode ---------- > 6 7 8 9 10
Nat. freq. [Hz] 116.3 145.1 171.6 196.1 205.3
Frequency [c/min] 6976 8706 10298 11767 12317
Prop. 1st blade 6910 8623 10200 11655 12200
Prop. 2nd blade 3455 4312 5100 5827 6100
Rotor order 6 1163 1451 1716 1961 2053
Rotor order 12 581 726 858 981 1026
Rotor order 18 388 484 572 654 684
Rotor order 24 291 363 429 490 513
Rotor order 30 233 290 343 392 411
Rotor order 36 194 242 286 327 342
Rotor order 42 166 207 245 280 293
Rotor order 48 145 181 215 245 257
Rotor order 54 129 161 191 218 228
Rotor order 60 116 145 172 196 205
Rotor order 66 106 132 156 178 187
Rotor order 72 97 121 143 163 17
Rotor order 78 89 112 132 151 158
Rotor order 84 83 104 123 140 147
Rotor order 90 78 97 114 131 137
Rotor order 96 73 91 107 123 128

Table 4.II Critical rotor speeds in r/min for modes 6 to 10
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Mode ---------- > 11 12 13 14 15
Nat. freq. [Hz] 212.9 231.7 2573 279.6 320.8
Nat. freq. [c/min] 12772 13903 15435 16774 19247
Prop. 1st blade 12650 13771 15288 16614 19064
Prop. 2nd blade 6325 6885 7644 8307 9532
Rotor order 6 2129 2317 2573 2796 3208
Rotor order 12 1064 1159 1286 1398 1604
Rotor order 18 710 772 858 932 1069
Rotor order 24 532 579 643 699 802
Rotor order 30 426 463 515 559 642
Rotor order 36 355 386 429 466 535
Rotor order 42 304 331 368 399 458
Rotor order 48 266 290 322 349 401
Rotor order 54 237 257 286 311 356
Rotor order 60 213 232 257 280 321
Rotor order 66 194 211 234 254 292
Rotor order 72 177 193 214 233 267
Rotor order 78 164 178 198 215 247
Rotor order 84 152 166 184 200 229
Rotor order 90 142 154 172 186 214
Rotor order 96 133 145 161 175 200

Table 4.111

Critical rotor speeds in r/min for modes 11 to 15
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Spring Rotor Vibratory Vibratory Allowable Percentage
number speed torque [N.m] stress stress of allowable
[r/min] [N/mm?] [N/mm?] stress [%]

1 795 23400 7.6 27.2 28.0

2 30 2640 - - -

3 30 2400 0.7 27.1 24

5 30 11600 1.8 26.4 6.8

6 30 11600 1.9 19.8 9.8

7 30 11600 1.9 19.8 9.8

8 30 11600 1.9 19.8 9.8

9 30 11600 1.4 19.5 72

10 30 11500 1.1 17.9 6.1

11 30 11500 1.1 17.9 6.1

12 30 11500 1.1 17.9 6.1

13 30 11500 1.1 17.9 6.1

14 30 11400 1.1 17.9 6.0

15 30 11400 1.1 17.9 6.0

16 30 11300 0.8 174 49

D Allowable stresses for continuous running at nominal rotor speed of 906 r/min

Table 5.1

Maxima of vibratory torques and stresses
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Table 5.II Contribution of each excitation for the shaft of the electric motor (spring 1) at
795 r/min

Excitation source

Vibratory

Percentage of

torque [N.m] total [%]
Prop. 1st blade 185.0 0.8
Prop. 2nd blade 7.3 0.0
Rotor order 6 23100.0 98.7
Rotor order 12 81.4 0.3
Rotor order 18 14.8 0.1
Rotor order 24 12.9 0.1
Rotor order 30 13.0 0.1
Rotor order 36 35 0.0
Rotor order 42 0.2 0.0
Rotor order 48 0.5 0.0
Rotor order 54 04 0.0
Rotor order 60 0.7 0.0
Rotor order 66 0.1 0.0
Rotor order 72 0.2 0.0
Rotor order 78 0.0 0.0
Rotor order 84 0.1 0.0
Rotor order 90 0.0 0.0
Rotor order 96 0.0 0.0
Total 23400.0 100.0
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Excitation source

Vibratory

Percentage of

torque [N.m] total [%]
Prop. 1st blade 13.1 0.1
Prop. 2nd blade 7.0 0.1
Rotor order 6 10900.0 94.0
Rotor order 12 81.5 0.7
Rotor order 18 407.0 35
Rotor order 24 27.6 0.2
Rotor order 30 47.5 04
Rotor order 36 0.9 0.0
Rotor order 42 2.0 0.0
Rotor order 48 0.1 0.0
Rotor order 54 2.5 0.0
Rotor order 60 04 0.0
Rotor order 66 111.0 1.0
Rotor order 72 0.6 0.0
Rotor order 78 1.0 0.0
Rotor order 84 0.2 0.0
Rotor order 90 03 0.0
Rotor order 96 0.1 0.0
Total 11600.0 100.0

Table 5.III Contribution of each excitation for the highest loaded part of the long propeller shaft

(spring 6) at 30 r/min

Calculated Allowable Rotor speed at which
maximum value maximum occurs [r/min]
Maximum torque [kN.m] 79.05 254.0 960
Vibratory torque [kN.m] 2.64 213 30
Dissipated power [kW] 0.021 1.48 30

Quantity

Table 5.IV  Results for the flexible coupling (spring 2)
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Damping b,, = Damping b,, = Damping b,, = Damping b,, =
0.0 1.66*10* N.m.s/rad 3.32%10* 1.66%10°
N.m.s/rad N.m.s/rad N.m.s/rad
Spring Ouib Oyib Ouib Oib
number [N/mm?] [N/mm?] [N/mm?] [N/mm?]
1 16.3 7.6 4.8 23
3 1.1 0.7 0.5 0.1
5 04 1.8 0.2 0.4
6 3.2 1.9 13 0.5
7 32 1.9 1.3 0.5
8 32 1.9 13 04
9 23 1.4 1.0 03
10 1.8 1.1 0.7 0.2
11 1.8 1.1 0.8 02
12 1.8 1.1 0.8 02
13 1.8 1.1 0.8 03
14 1.8 1.1 0.8 03
15 1.8 0.8 0.7 03
16 0.8 14 0.6 0.3
Table 6.1 Results of sensitivity analyses
Quantity Calculated | Allowable | Rotor speed at which calculated
maximum value maximum occurs [r/min]
Maximum torque [kN.m] 79.05 254.0 960
Vibratory torque [kN.m] 421 21.3 30
Dissipated power [kW] 0.064 1.48 795

Table 6.II Results for the flexible coupling (spring 2) for damping b,, = 0 N.m.s/rad
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Figures
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Figure 2.1 Schematic drawing of the model used in the torsional vibration analyses of the electric
propulsion system

Figure 2.2 Model of the long propeller shaft
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mode 1 3.3 Hz (188.0 ¢/min)

Figure 3.1 Mode 1

mode 2 11.6 Hz (684.0 ¢/min)

i T '[ '4 T
- [/

Figure 3.2 Mode 2
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mode 3 33.1 Hz (1884.0 ¢/min)

Figure 3.3 Mode 3

mode 4 74.0 Hz (4441.0 ¢/min)

| -
| g

Figure 3.4 Mode 4
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mode S  78.2 Hz (4754.0 c¢/min)

Figure 3.5 Mode 5

mode 6 116.3 Hz (6976.0 c/mind

Figure 3.6 Mode 6
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mode 7 145.1 Hz (B706.0 ¢/min)

Figure 3.7 Mode 7

mode 8 171.6 Hz (10298.0 c/min)

Figure 3.8 Mode 8
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mode 9 186.1 Hz (11767.0 c/min)

Figure 3.9 Mode 9

mode 10  205.3 Hz (12317.0 ¢/min)

Figure 3.10 Mode 10
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mode 11 212.9 Hz (12772.0 ¢/min)

Figure 3.11 Mode 11

mode 12 231.7 Hz (13903.0 ¢/min)

Figure 3.12 Mode 12




TNO report Electric system Date Page
95-CMC-R0614 December 31, 1995 37

mode 13 257.3 Hz (15435.0 ¢/min)

Figure 3.13 Mode 13

mode 14 278.6 Hz (18774.0 ¢/min)

Figure 3.14 Mode 14
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mode 15 320.8 Hz

(18247.0 c/min)

Figure 3.15 Mode 15
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Figure 5.1 Vibratory stresses in the shaft of the electric motor (spring 1) and in the highest loaded
part of the long propeller shaft (spring 6) as a function of the rotor speed
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Figure 5.2 Vibratory stress in the shaft of the electric motor (spring 1) together with the allowable
stress according to Lloyd’s Register of Shipping
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i)

Figure 5.3 Vibratory torque and mean torque in the gear transmission
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Figure 5.4 Vibratory torque in the gear transmission as a percentage of the mean torque
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stress Nm')

Figure 6.1 Vibratory stresses in the shaft of the electric motor (spring 1) for various values of the
damping coefficient b,, (see Note at section 6.1)

6 100 200 300 400 500

w00 700 800
angina speed [tfmin] -+

Figure 6.2 Vibratory stresses in the shaft of the electric motor for various values of the damping
coefficient b,, together with the allowable stress according to Lloyd’s Register of

Shipping (see Note at section 6.1)
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parcentage of mean vaive —

Figure 6.3 Vibratory torque in the gear transmission as a percentage of the mean torque for
various values of the damping coefficient b,, (see Note at section 6.1)
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Appendix A: Model of the asynchronous induction motor of the ATS
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Model of the asynchronous induction motor of the ATS

For a torsional calculation of a propulsion installation with an asynchronous induction motor it is
important to know the interaction between the mechanical system and the electric system. The
dynamics of an induction motor is non-linear through the use of alternating current. It is complex
to calculate the real input dynamics of the motor, because the interference of the higher harmonics
of the motor voltage produces harmonic torque vibrations. Further, the controlled converter also
produces higher harmonics. Because of the complexity of this problem, the higher harmonics have
not been taken into account in the model of the electric motor. (In the torsional vibration analyses,
these higher harmonics have been modelled as ’external forces’ as described in section 2.2 of this

report.)

In the following the torque/speed characteristics of the asynchronous induction motor is calculated
for a steady-state situation. It turns out that the motor can be modelled by a mechanical viscous
damper with a damper value of 1.66*10° N.m.s/rad.

References used for this appendix are listed at the end of this appendix.

Steady-state model

In an induction motor a rotating field is produced in the air gap by the AC in the stator windings.
This field interacts with the rotor windings to induce a voltage and hence a current into the rotor
conductors. The torque is then produced by the interaction of the field and the rotor currents.

The speed of the rotation of the field is defined by the frequency o, of the AC supply and the
number of poles p on the motor.

The difference between the synchronous speed and the actual speed ,, of the rotor is expressed by
the slip s:

s = 2@ p [ @

(O}

s

Figure 1 shows an equivalent circuit for one phase of an induction motor.
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Stator resistance
and inductance

. R (O

Ls
s Rs
AN | pane— |
7 | I— |
AN
Vs

Rotor resistance and inductance
referred to stator

e Seagaret T TII T

Lr Rr/s Ir

Lm Magnetizing branch

Figure 1 Equivalent circuit of one phase of an induction motor

In this figure:

I, = stator current

I, = rotor current

I, - field current

V, = effective phase voltage
R, = stator resistance

L, = stator stray inductance
L, = magnetization inductance
L, = rotor stray inductance

R, = rotor resistance

s = slip

With the reactances denoted by X, X,, and X :

XS=mS*LS
szms * Lm
X, =o,*L,

[A]
[A]
[A]
[V]
(]
(H]
(H]
[H]
[Q]
[-]

[V/A]
[V/A]
[V/A]

In the equivalent circuit of the induction motor the rotor circuit is translated to the stator circuit.

The rotor system as seen by the stator can than be modelled as a resistance per phase of R/s.

From the principle of conservation of energy the mechanical power is calculated. This power is:

P =T, o, (W]

o))
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The power transferred across the air gap into the rotor is:
R
P =1'_"° (W] A3)
ag S
The power lost in the rotor resistance is:
P =I'R W] @
The mechanical power is then:
p,=p -P =R L9 1 o [W] ®)
s
With equation (1):
(1-5) = 2n P -] ©
it follows:
I’ R
Tm =p _r_; [N~m] (7)
® s
For an m-phase motor:
I’ R
T =mp__~ [N.m] 8)
o, s
From figure 1 the current I, is calculated. The motor torque T,, is written as:
T -__Ns [N.m] ©)
e +fs + gs?
With:
2 2
h-PPRV, X, [N.m.V*A*] (10)
(!)S
and: e=a +¢ (VA
a=R *R (VA7)
c=R * (X, +X,) [V2A7)
f=2 % (dc - ab) [V*A]
d=R, * (X, + X,) [V2A?]
b=(X, * X + X, (X, + X,) [V2A?]
g=b+d [V*A™]
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Motor control

The majority of AC variable speed drives are based around the use of an inverter to provide a
variable frequency supply to an induction motor. The maximum torque of an m-phase motor is

found by:
dTm - h _ hs(2gs+f) =0 [Nm] (11)

ds gs?+fs+e  (gs?+fs+e)?

The slip s is at maximum torque:

Stmax = Reeeee—oooe" [-] (12)

The solution of s gives for T, :

m p Vs2
T = [N.m] 13)

max 2
2w, ‘/RS +X +X)? +R,

The maximum torque is seen to be independent of the value of R, . Ignoring the resistive term R,
this equation can be written in terms of the supply frequency ®, as:

T -_ TPV [N.m] 14)

o2 @L) of

In order to maintain T, constant over a wide motor speed area the ratio V., must be constant.
This is controlled by the controller. In practice, the effect of the resistance R, is to decrease the
torque at lower speed. The controller compensates for this to increase the applied voltage at this
lower speeds. In this case V/a, is no longer constant but varies. This is in fact a larger signal
behaviour and has no effect on small rotation variations.

For small torque variations dT/dw,, is of importance and is found by:

dT, T, To (g +9 [N.m] (15)

ds S S hs

2 2
dl, h _ mp R VI X [N.m] 16)

ds' e o(R, RMRIX, X))
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For high frequencies X, >> R.:

mn o= = [Nm] (17)
ds o, R’ X? o, R,
o -(® -
s= 2O e &L op SRRt
o, do, o
Then:
2 2
dTm:—dTm* dS =—rnp\/S *_p__:—mpzzf__:-—R (19)
do ds do_ o, R, o, R o
Thus the equivalent resistance is:
m 2 s2 ‘
R=12P ¢ [€2] (20)
R, @

Note
This result could also be found by using the equation of Kloss and small values of the slip s, as

explained in [A.3].

Because the motor model delivers energy the equivalent resistance R is positive. So, for small
torque fluctuations the motor behaves as a viscous damper.

Because V/, is held constant by the controller the resistance R of the induction motor is also
constant. In figure 2 this model and the torque/speed characteristics are given.

Jm
R= dTm/dme
Ve
;{ E Tm =Tmean + dTm
e J_ om = omean + dom

Simple vibration model! of the controlled motor

Tm dTm/dom
Tmean
dTm
dom
omean om

Controlled motor torque

Figure 2 Simple vibration model and controlled torque
characteristics
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The mean torque is held constant by the controller. The electric circuit of the motor is translated to
the mechanical viscous damper R. The inertia J is the rotor of the motor.

Results for- the electric motor of the ATS

The following preliminary data is used (final data used at the ATS is different):

nominal power of the ATS-motor P, = 7500 kW
effective phase voltage V, = 3300 N3 = 1905.26 A%
stator resistance R, = 0.0069758 Q
stator stray inductance L, = 04817107 H
magnetization inductance L, = 10.887*107 H
rotor stray inductance L, = 0.4343%10° H
rotor resistance R, = 0.0073 Q
slip frequency = 0.36 Hz
slip at nominal power Soorm = 0.36/60.4 = 596x10°

nominal rotor speed Dyorm = 906 r/min
nominal rotor frequency form = 15.1 Hz
nominal AC frequency f=1f, *p = 60.4 Hz
nominal AC angular frequency o, =604 * 21 = 379.5 rad/s
pole pairs p = 4

number of phases m = 3

rotor inertia I, = 540 kg.m?

X, = o, * L, [V/A]
Xm = (JJs * Lm [V/A]
X = o, *x L, [V/A]

At ©, = 60.4 * 2 = 379.5 rad/s it follows:
X, = 379.5 % 0.4817 » 10° =0.1828 V/A
X, = 379.5 x 10.887 * 10° =4.3132 V/A
X, = 379.5 x 04343 = 10° =0.1648 V/A
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Tnorm
R
s=1 s s 0 slips
Tmax Tnorm
0 Omax Speed o,

Figure 3 Torque/speed (torque/slip) characteristics of an induction motor

The characteristics of this motor as shown in figure 3 are as follows:
From equation (12): Stmax = 0.021

Specified above: Sporm = 3.96%107
From equation (13): T, = 16.5%10° N.m
From equation (9): Toom = 78.97%10° N.m

This value for T,

norm

nominal power P, = 7500 kW and the specified nominal rotor speed = 906 r/min.

From equation (13): T, =6550.21 (Vs/(x)s)2 [N.m]
From equation (19): R = 6575.34 (VJo,) [N.m.s/rad]

of the motor:
(VJo)* = 25.2 V*.s*rad®

At nominal load T,

norm

Then:
T, =164x10°Nm
R  =1.66%10° N.m.s/rad

This R is the required value for the mechanical viscous damper.

corresponds with the torque when calculated directly from the specified
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